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strain overexposing patS (10). 

We propose a model in which a processed 
PatS peptide, originating from differentiating 
proheterocyfits, diffuses along the filament's 
contiguous pexiplasmic space and is taken up 
by neighboring cells, creating a gradient of 
inhibitory signal. The mtraceUular target of 
PatS signaling is unknown, but components 
of a phosphorelay such as that found in Ba- 
cillus (IS) are likely candidates. 
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Chronic hepatitts C virus (HCV) infection occurs in about 3 percent of the 
world's population and Is a major cause of Liver disease. HCV infection is also 
associated with cryoglobulinemia, a B lymphocyte proliferative disorder. Virus 
tropism is controversial, and the mechanisms of cell entry remain unknown. The 
HCV envelope protein E2 binds human GDEtt, a tetraspamn expressed on various 
cell types including hepatotytes and B lymphocytes. Binding of E2 was mapped 
to the major extracellular bop of CD81. Recombinant molecules containing this 
loop bound HCV and antibodies that neutralize HCV infection in vivo inhibited 
virus binding to CDfcVr in vitrcx 



HCV is a positive strand RNA virus of the 
flaviviridae femily (/) ctoonicaDy bfcctiog 
about 170 mfllion perrons worldwide (T^ 
Cborrxoic HCV infection results in liver diseases 
(hepatitis* cirrhosis, and hepatocellular carcino- 
ma) in a sizable traction of cases (J). Infection 
with HCV is also associated with most cases of 
type n and type m cryog^obrtme&nia, B lym- 
phocyte proliferative disorders chsr^tenzed by . 
polyclonal 5 cell activation and mitoasi&'body 
production (4). The complete HCV sequence 
has been available since 1989 {S% however, 
progress in understanding the viral Hfe cycle 
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has been harnpered by the lack of virua culture 
systems in vitro. Although hepatocytes and B 
lymphocytes are thought to be infected by HCV 
(J% there is no cxrasensuB on viral tropism, and 
the cellular receptor for the virus has not been 
idenhfted. 

We have shown previously that a recom- 
binant form of the major envelope protein 
(E2) of HCV binds with high arTrruty to 
human lymphoma and hepatocajrinozria cell 
lines, whereas h does not bind to mouse cells 
(6*). Furthermore, in chimpanzees vBcdnated 
with recombinant El and E2 envelope pro- 
teins, protection from homologous HCV 
challenge correlated with the presence of an* 
bloodies capable of inhibiting the binding of 
E2 to human cells (o"). These results suggest- 
ed that £2 may be responsible for binding of 
HCV to target cells- 

To identify the E2-bmding molecule on hu- 
man cells, we prepared a cDNA expression 
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library from A2R cells, a subclone of the hu- 
man T cell lymphoma Moft*4, which exhibited 
high E2 -binding capacity (7). This library was 
screened by transient tr^mrectiot) of a mouse 
fibroblast cell line (WO?) (8) with B2 as a 
probe (P). This approach resulted in the identi- 
fication of a cDNA clone that conferred E2- 
btndmg capacity to WO? cells upon transient 
transfectiQiL This clone contains an insert of OS 
kb encoding human CDS1. This widely ex- 
pressed 25-kD molecule is a member of the 
tetraspanin superfamfly (JO), which includes 
cell surface proteins that span the rnembrane 
four times, forming two extracellular loops. The 
intracellular and transmembrane domain* of 
CD81 are highly conserved among difEerem 
species, whereas the majcT extracellular loop is 
quite diverse (Fig. 1). Trie major loop is riighfy 
conserved in humans and chimpanzees, which 
are the only known species permissive to HCV 
infection (/) and whose cells bind HCV E2 (tf). 

To cotifinn that CD 81 was the human cell 
surface molecule binding HCV E2, we used 
recombinant E2 and antibodies to CD81 (an- 
ti-CDB I) to assess mis interaction. Recombi- 
nant £2 competitively inhibited the binding 
of anb"-CD8l to Bpstein-Barr virus (EBV>- 
transformed B cell lines (EBV-B cells) (Fig, 
2A). In addition, E2 reacted in protein irnmu- 
noblots with anti-CDB 1 -precipitated material 
(Fig. 2B). CDS I on fresh lymphocyte* arid 
hepatocytes is also capable of binding £2, as 
demonstrated by irnmunohtstocheirucal stain- 
ing with biotin-labeled E2 (11). 

Because of the lack of HCV culture assays 
in vitro, we developed alternative methods to 
detnonstrate that CD8 1 interacts with HCV. We 
prepared a recombinant fusion protein (Fig. 3 A) 
expressing the major extracellular loop (£CZf~ 
(amino acid residues 1 13 to 201) of human or 
mouse CDS1 fused to the CXX>H-4ernomal end: 
of mioredoda-^RX-EC2) (J2y The proteins 
containing the human, but not the mouse, loop 
bound to B2 in protein immunoblot (13) and in 
solution as shown by inhibition of binding of 
E2 to human cells (Fig. SB), To assess virus 
binding, we attached human or mouse T70£ 
EC2 prolcjus to polystyrene beadsand rncubat** 
ed mem with an infectious plasma containing 
known amounts of viral JRNA molecule. After 
washing, the amount of bead-associated virus 
was measured by quarititative reverse transcrip- 
tion rxjrymerase chain reaction (KT-PQRO V*)- 
Beads coated whh human TTOC-BC2, but not 
with mouse TRX-EC2, bound HCV in a con- 
centrati«wlependent fashion (IS) (Fig, 3C). 
Preincubation of beads with antj-CD8 1 inhibit- 
ed virus binding. Furthermore, preincubation of 
the infectious plasma with sera from chimpan- 
zees that were protected from homologous 
HCV challenge by vaccination with £1 and E2 
envelope proteins (J 6) inhibited HCV binding 
to CDS I (Fig, 3D). In contrast, sera from vac- 
cinated but nonprotected chimpanzees, al- 
though corrteining sntj-E2, were not inhibitory 
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(Fig. 3D). These results demonstrate mat antf- 
E2 antibodies, which are capable of neutraliz- 
ing HCV mfection in vivo, can mhibjt the bind- 
ing of HCV to CD81 in vitro, supporting the 
idea tot QD81-E2 interaction is relevant to 
infection. 

Our data demonstrate that human CDBJ is 
sufficient fbrbmding not only £2 but also HCV 
particles. Given the wide distribution of CD81 
(JO), these results irrtnry thai HCV can bind to 
a variety of ceDs other than hepatocytes. Con- 
sistent with this rinding, HCV RNA has 



been found in T and B lymphocytes and 
monocytes (77). Whether virus binding to 
CDS 1 is followed by entry and mfection in 
all cell types is not clear, because it is 
possible that additional factors are required 
for HCV fusion or mfectivity. 

CD81 participates in afferent molecular 
complexes on Different cell types, a fact mat 
may afreet its (opacity to mediate HCV attach- 
ment or to deliver signals to target cells. For 
Distance, on epithelial and hematopoietic ceils, 
CD81 associates with mtegrins {18% whereas 
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Fig. 1. Expression cloning of the HCV &2-binding 
molecule Alignment of CD81 amino acid sequences 
from human (A2R cell line), chimpanzee (peripheral 
blood mononuclear cells) (26), green monkey (COS 
aZ cell Une) (26), hamster (cho cell line) (26), rat (27), 

ww and mouse (2S). Predicted cytoplasmic (CY), trans- 

membrane (TM), and extracellular (EC) domains are 
indicated according to (70). Single-letter abbreviations for the amino acid residues are as follows: 
A, Ala; C, Cys; D, Asp: E, Cue F, Phe; C, Cly; H His; t, lie; K. Lys; U Leu; M, Met; N, Asn; P, Pro: Q, 
Gin; K Arg; S, Sen T, Thr; V, Vat W, Tip; and Y, Tyr. 



Rg. 2. Interaction between re- 
combinant E2 and OD81. (A) 
Dase-dependent inhibition of an- 
ti-CD81 binding to & cells by re- 
combinant EZ EBV-B cells were 
incubated with increasing concen- 
trations of recombinant EZ for 1 
hour at 4°C and then stained with 
an mAb to CD81 (done JS-81, 
Pharmlngen). The data are ex- 
pressed as percentage of inhibition 

of mean fluorescence Intensity (6). ^ ^ <=E ^ 

Preincubation with E2 did not in- 
hibit binding of en anti-major his- 
tocompatibility complex class l 
(done W&/B2) (29). (B) EZ detects, 
on protein Immunoblot the 25-kD 

protein immunoprecipitHtEd by anti-CDB 1. A membrane protein extract (about 300 ug) prepared from 
the A2R cell line was solubiDzed with 8 mM 3-p<holamidopropy0-drm?^ 
sulfonate In PBS (pH 7.4) and incubated with 10 ug of recombinant E2 (lanes 2 and 3). 20 ug of 
arrti-CDSI (lane 4), or 20 pg of a control antibody (art>-human CD9; ATCQ (Lane 5). After incubation 
for 2 hours at 4*C the samples were immunoprecipitated with cNmpanxBe antisera to E2 (lane 2), 
chimpanzee prelmmune sera flane 3). or goat sntJ-mouse IgC (lanes 4 and 5) bound to protein 
A-Sepharose (CL-4B; Pharmdda). The preciprtated samples were eluted in Laemmfi buffer, separated by 
5D5-PAGE under nonredudng condrtions, and transferred to a PVDP {pc^yvinyUdene tfrfluoride) mem- 
brane by electmblotting The blots were then probed with recombinant E2 (1 i^g/ml) overnight followed 
by a 2-hour incubation with an mAbtO E2 (mAb 291). Visualization of the tmmunopredpttated proteins 
detected by E2 was performed with a peroxidase-cortjugated pdydonal anti-mouse IgC fAmersham). 
As a positive control, a portion of the total membrane extract was also loaded on the gel (lane 1). The 
mobilities of molecular mass (in kfbdahons) markers are indicated at left The 25-kD CDB1 is 
rmn^norxeciprtatec' rfirectty by anti-CD81 or indirectly by a combination of E2 and arrti-E2 as shown 
In lanes 4 and 2, respecoVery. The Wgh molecular mass bands observed in all lanes (induding n egativ e 
control lane) probably represent cross-reaction of the secondary antibody, detection of E2 preciprtated 
by chimpanzee antisera to E2 subsequentty recognized by anti-EZ mAb (lane Z), or detection of mAb to 
CD81 (lane 4) or mAb to CD9 (lane 5) by the secondary anti-mouse. 
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Fig. 3. The major extra- 
ceJUilar loop of CD81 
binds reccmbtnant E2 
and viral partides. (A) 
Schematic representa- 
tion of the pThioHis- 
EC2 plasmid In the re- 
gion encoding the tW- 
oredoxin-EC2 fusion 
protein. The nucleotide 
and the amino add se- 
quences of the joining 
region are indicated. 
The enterokinase cleav- 
age site Is underlined. 
Pkr lac promoter SD, 
ribosome-bindhg site 
TRX thiorexjoxinj EC2, 
human major extracel- 
lular loop (amino add 
residues 113 to 201) of 
CD81. (B) Dose-depen- 
dent inhfbtticm of £2 
binding to hepstocard- 
noma ceils by recombi- 
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nant motecules expressing the EC2 of human CD81. Cells were Incubated with E2 and increasing 
concentrations of human (closed cirdes) or mouse (open circles) TRX-EC2 for ^ hour at 4*C and then 
Stained with mAb to E2L Data are expressed as percentage of Inhibition of mean fluorescence intensity. 
(Q Binding of HCV-tO-Cpai. polystyrene beads were coated with human (hEC2) or mouse (mEC2) 
TRX-EC2 {10 or. 50 pgri*) cvaioi^it.at room temperature (ify Eachbeid'wto then Incubated at 37*10 
wtth chimpanzee infectious p\hm^^a^i : yifbo^nmg 5 X 10 s HCV RNA molecules In 200 \Ll 
The bound virus was eluted with lysis buffer, and HCV RNA was measured by quantitative Rf-PCR (7^. 
Similar results were obtained with an Infectious plasma containing HCV of the genotype 1b. For 
inhibition experiments, the TRX-EC Z-coated beads wens incubated with mAb to CD8T or with an 
sotype-rnatched irrelevant antibody (hepatitis B surface antigen (amj-HBsAg)] as control for 1 hour at 
room temperature before incubation with the virus (74). (D) Antibodies that neutralize HCV infection 
in vivo inhibit binding of HCV to CDS1 in vitro. The chimpanzee infectious plasma (200 uj) used In the 
experiment described in (Q was preirtcubated at 4°C for 1 hour wtth Z uJ of serum either from a 
chimpanzee (number 559} protected from homologous HCV challenge by vaccination with £1 and E2 
envelope proteins OT from a chimpanzee (number 590) not protected from homologous HCV challenge 
after vatefnation with El and E2 envelope proteins (fcT). As a control, chimpanzee Infectious plasma was 
preirtcubated with preimmunization sera. The plasma was then incubated with beads that were coated 
with human TRX-ECZ (10 jrg/ml). and HCV binding was assessed as described in (C). Results similar to 
that of serum from chimp 559 were obtained with sera from three other chimpanzees (numbers 357, 
534, and 653) that were vaccinated and protected (6, 76). 



on B cells it associates with CD21 and CD19 
(2P)y forming a complex that; 'when appropri- 
ately digged, can lower B cell activation 
threshold (20), EBV and HCV target this com- 
plex by Wading CD21 pj) and CD8I, respec- 
tfvery. The B cell activation capacity of EBV is 
well known, and we have evidence that the 
HCV envelope protein H2 delivers a costibtnu- 
latory signal to B cells (22). ft may well be that 
the binding of HCV to CD81 on B rymphocytes 
in vivo lowers the activation threshold of these 
cells, thus facilitating fee prtxinctjon of autoan- 
tibodies that are the hallmark of HCV-assotiat- 
ed ayo^obxilmeinia {4)> 

Identification of the interaction between 
CD81 and HCV could help to elucidate the 
pathogenesis of HCV-associated diseases, 
obtain a small animal mode) of infection, and 
develop new therapeutic strategies directed at 
interfering with virus binding. 
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(10 y^/m^. After incubation of th* coll suspmsion with 
a monoclonal antibody (mAb) to E2 (done 291) (22), 
those cells that had acquired the capacity to bind U 
went isolated with Dyrdcbeads magnetic beadi (Dynsl) 
coated with goat ami - mou se |£C. Plasmid DNA was 
recoverad from bead-bound caUr with ths protocol 
described by Campbell et flf. {£4} and amplified in L 
enff. find the purified DNA (150 ug) was used for B 
suhsMjiiuiil round of ertnehmentof the E2-binding rrita 
Tho snhchmerit step wss repeated three times, and 
Anally the transf ected WOP cells were pi cube ted with 
recombinant £Z and than tranEnjrred to a petrl dish 
(90-mm diameter) coated wtth mAb to E2. From tha 
bound caUs. plasmid OMA was prepared, amplified in £ 
caS, and used fbrthe last trantfecttOh eXpenVrient The 
E2- binding capacity of WOP cefis was detectrd by 
FACScan (B«ctor^ddnson}wTth phycocrythrin«conjtK 
gated goat eno-mouse IgC 

10. $• levy, £. C Todd. H. T. Masdcer, Anna. kef. Immu- 
nol 16.89 (1998). 

11. Rxed and embedded Uver biopsy samples were used 
for imnuinohirtochemical analyses. Briefly, air-dried, 
acetone^fixed cryostat seetxoni were intubated with 

' bio tin- labeled nscombtnartt 11 followed by Inoioe- 
tlon with perojddast4abelad straptsvidin. 

12. for the construction of th* th»oredoodn-ecz fusion 
(TRX-EC2), th» human 6CZ coding wquance was am- 
plified from plasmid pCDMB-CD51 with the pflrners 
For4uEC2 y^CCCCGCTGCATCCGGGCCTGCAG- 
CCTCGAC CT TTCT CAACAAGGACD 3 ' end Rev-KEC2 
S'-CCCCAACCTTTCACACCTTCCCGCAGAACAGCT' 
CATCX>3'. The amplified DNA was digested with Xho I 
end Hind III and li gated to plasmid pThio- HoC (Invitro* 
gen) digested wtth the same restrtctton znrymes. to 
done the mouse EC2 sequence, we Isolated RNA from 
mouse btood (RNeasy Blood Mini Kit; Qiagen). Ths 
primers For-tnK2 S'-ACCTCACTCGAGCrTGCTAAA- 
CAAAGACCACATCG-3' end Rev-mJC2 5^-AACTAACT* 
CCAOOCCAACCTTTCACAGOTTOOCACACAACAGC- 
3' warn usad for RT-PCR (Ready to go hit Pharrnads), 
The RT-PCA product was digested with Hind in. fitted tn 
whh Klenow en^me, digested with Xho L and cloned 
into ptesmid pThioH-fisC digested with ttto I end Sbu L 
The ligation mixtures (from human and mouse iCZ) 
were used to trarffform L coli TopIO comperjert cells, 
and one done expressing the chimeric protein was used 
for further studies. For TRX-ECZ purincattgn. £ call 
TopiO (pThto-HlsC-CD$1) caUs from a oritur* (500 mQ 
rnduced for 35 hours with 05 mM tccfrapyl-p^ 
thtogafsctopyrencside were treated with an ice-cold 
hypertonic solution (20 mM trb-HQ, 20K sucrose, and 
25 mM EDTA (pH fiD)] and subsr^umtiy with an 
ice-Coid nypotonic solution [20 mM trii'HQ end 
Z$ mM EDTA (pH fi-0)). Tho proteins from the 
supernatant of the osmotlcatly shocked cell* were 
predprtated with 30% {NHjJSO^ resuspended in 
15 ml of 20 mM phosphate buffer end 500 mM 
NaO (pH 6.0), and loaded onto a 2-ml nicket. 
activated chelating Sapharon ^ast Flow (Pharma- 
cia) column. Retained proteins were eluted with a 
30-ml 0 to 200 mM Imidazole gradient, and the 
fractions containing tha trX-cCZ fusion were 
pooled, oletyted against PBS, and stored at -&0°C 

13. Purified i KX~£C2. recombinant proteins were subjecv 
ed to SDS-^polyscrylamide gel electrophoresis (SDS- 
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PAC$) tet nomtdudng cortdjtiors. Alter electrobtot- 
Bng, th« PVDP membrane (MHfipore) was probed 
Oveutijflit with rgcombfnant E2 (1 ji^/mQ at rocrn 
temperature, Incubation wtth an mAb to £2 (done 
291A2) wb followed by chonti luminescent detection 
with a peToxtese^onJugated pctydonal antf-mouss 
/^tgG (Amorsham). 
^pPPdystyrerw bead* (1/4-tnch diameter) (Plena) we 
coated overnight wUh purified EC2 recombinant pro- 
tein In citrate buffer (pH 4) at room temperature. 
After saturation for 1 hour with 2% bovine serum 
albumin In SO mM trfc-CL (pH 0), 1 mM EPTA* end 
1D0 mM NbQ (TEN) buffer, cadi bead was Incubated 
a 37*C for z hours In ZOO pi of TEN-dOuted mfec- 
tbU5 chimp plasma containing S X 10 s HCV RNA 
molecules. For 'mh&ttion experiment*, the EC2-coat- 
cd polystyrene beads were Incubated with purified 
mAbj (SO u^/ml) for 1 hour at room temperature 
before incubation with the virus. Each bead was 
washed five times with 15 ml of TEN buffer in en 
automated washer (Abbot, Wiesbaden, Germany), 
and vkat RNA was extracted with the Viral Extraction 
Kit (Qlagen), RNA (S ml) was reverse transcribed at 
42X for 90 mln in 20 ml of buffer A (Taq Han; 
Perkh-Elmer) containing 100 pmoi of the HCV antl- . 
sens* primer CXCTTXTCCACACCACTATG. 40 U Of 
RNAsin (rtbemudease Inhibitor) (Promega, Madison, 
Wl), deoxynudeopd* triphosphate* (dNTPs) (250 
uM), MgoE, {25 mM), and 10 U of Moloney murine 
leukemia vims reverse transcriptase (BoehrtngerV 
cDNA (20 ul) was amplified with a Pcrkin>£lmsr ABI 
7700 Sequence Detectton System (45 cycles) in SOpJ 
of buffer A containing 100 pmd of the HCV sen*a 
prtmer TUT TCACGCACAAACCCrCTA, $ pmol of the 
fluorescent detection probe g'-(?AM)TQA OIU I lUI- 
CCACCCTCCACCA(TAMRA) (FAM IS CSrboxyftlio- 
rescem a mine-modified otlgo and TAMRA is tetre- 
merityutiodamine amtno-ffodlned otlgo), dNTP* 
(900 ptMJ, and 1.Z5 U of Taq Cold (PerkhvElmer). 
AU reactions were quantified with HCV (genotype 
le)-Wected pbsma (branched DN Attar someq/mQ 
to generate a standard curve. Sequence Detector Soft- 
ware from Pefkln-Elmer has been described previously 
(2$)l To evaluate vino biding to c*fo, we made hurnan 
CD81* mouse stable transfectants (NM 3T3) that 
bound E2. Hovrsver, wacorntlstantty felled to measure 
substantial vtnjs ettBChmertt to the Cctt surface by PGR 
because of high background Inherent to the technique. 

15. In our assay, we captured only enveloped RNA mol- 
ecules. The htghejt available cof i cemra b on of human 
TRX-EC2 for coating beads was 100 mg/mt At this 
concentration! about 7% of HCV input was bound by 
the beads. Using TRX*EC2 O00 u£/mt) and In- 
creasing numbers of beads, we captured about 
10% Of the HCV Input, In terms of RNA molecules, 
further demonstrating that HCV binding is depen- 
dent on the CD81 concentration. Moreover* our 
experience with antibody (from mouse, chimp, Of 
human)*csated beads has shown that the percent- 
age of HCV that can be Captured is negligible, 
further proving that CDB1 is indeed a very effec- 
tive binder of HCV partides. 
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Regulation of cell adhesion is important for immune system function. CD44 is 
a tightly regulated cell adhesion molecule present on Leukocytes and implicated 
in their ateciiment to endothelium during an Inflammatory immune response. 
The proinflammatory cytokine tumor necrosis factor-ot, but not iriterferorvy, 
was found to convert CD44 from its Inactive, nonbinding form to its active form 
by inducing the sulfation of CD44. This posttrartslatlonal modification was 
required for CLM4-mecfiated binding to the extracellular matrix component 
hyaluronan and to vascular endothelial cells. Sulfation is thus a potential means 
of regulating CD44-mediated leukocyte adhesion at mfUmmatory sites. 



3>uring an iinznune response! activated leuko- 
cytes leave the circulation and eoter die tissues. 
I^cakocvtc nrigrstfon and extravasation is a 
trtulristep process involving the rolling and ad- 
hesion of Icokocytes to the endothelium and 
their subsequent diapedesis to Die infUrnjoatory 
site (/). Activated T ccUe can biod the CKtracel- 
Jular matrix corrvpoiicnt byaluTonan* and this 
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a>44-mediated iateracdem has been implicated 
in the lulling and otfravasatioa of lymphocytes 
at inflammatory sites {2). CD44 is normally 
present cm leukocytes "m an inactive state that 
carmot bind hvaruronarj but can be converted to 
an actjvc state upon appropriate sttmolflOOn, 
such as activation by antigen or cytokines (3, 
4). However, the molecular mechanism for this 
conversion is poorly understood. The binding 
ability of CD44 has been shown to be affected 
by three types of pcistrrarisladonal modification; 
N- and O-linked grycosylatiori and gjycosami- 
nogrycan addition (4 t 5), Here, we show that 
sulfation is an additional posttranslational 
mechanism mat can convert inactive CD44 to 
its active; adhe&fve form and that this mecha- 
nism is induced by the proinnmnirjatory cyto- 
kine tumor necrosis factor-a (TKF-ot). 
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Fig. 1. Expression of CD44 and ICAM-1 and FU-hyaluronan binding ability on urrtreated, TNF-a- 
treated, or IFM-v-treated SR91 cells by flow cytometry. Cells were preincubated with the CD44 
mAb I M 7^.1, or wtth unlabeled rr/aturonan, to block binding. Unlabeled 5R91 cells were the 
negative control. 
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